While establishing the cognitive profile of pediatric LTx recipients is important, factors associated with the disease and transplant that are predictive of long-term cognitive outcomes require further investigation. 3 Identifying predictive factors may allow for modifications to procedures and implementation of preventative interventions. From the 11 studies that have examined potential predictive factors, there is inconsistent empirical support for the following: time on transplant waitlist, 20 disease duration, 6, 16, 20 age at transplant, 6, 7, [19] [20] [21] 27 time since transplant, 6 days spent in pediatric intensive care unit (PICU) 7, 19 or in hospital, 7, 27 measures of liver function, 7, 16, 23, 27 growth percentiles at transplant, 13, 16, 19, 21, 23, 27 retransplant, 20 blood transfusion volume during surgery, 13 warm ischemia time, 28 inotrope use, 28 infection posttransplant, 28 hepatic encephalopathy, 28 immunosuppressant dosage, 8, 23 primary diagnosis, 23 and transplant type. 16, 20, 21 The factors most frequently found to be predictive include age at transplant, growth percentile at transplant, PICU or hospital length of stay, disease duration, and transplant type. However, even for these factors, there is limited consistency across studies, and several of the cited studies investigated samples that were not independent of each other, 16, [19] [20] [21] 29 which conflates the value of some predictors. Furthermore, numerous clinically important factors have received little attention, with only 4 studies exploring the role of time spent on waitlist, 6, 19, 20, 28 of which 2 did not include independent samples. 19, 20 Despite socioeconomic status (SES) being a known predictor of cognitive functioning in the general population, 30, 31 it has been examined in only 4 LTx studies, 14, 16, 23, 28 with results indicating that higher SES or parental education was associated with better outcomes. 13, 28 There are numerous possible explanations as to why findings for predictive factors have been inconsistent. First, samples frequently include both children with acute liver illness and children with chronic liver disease. 6, 12, 14, 16, 17, 19, 20, 28 Illness experience varies considerably between these conditions, particularly the age and stage of development at which the illness occurs, the time spent on the transplant waitlist, and disease duration. A child with a congenital hepatic disorder is exposed to the deleterious effects of the illness during vulnerable periods of development until transplant (typically younger than 24 months), 2 whereas children with acute liver failure typically have normal development until disease onset. Hence, it is important to specifically investigate the outcomes of each condition. 23, 32 Similarly, there are different disease progressions within chronic liver disease. Biliary atresia (BA) occurs more frequently than other liver diseases, with up to half of children with end-stage liver disease having a primary diagnosis of BA. 2 Children with BA are more homogeneous than the broader population of patients with chronic liver disease and typically undergo transplant in the first few years of life. 33 They have been found to display a different cognitive profile than children with other end-stage liver disease diagnoses. 19, 23 Therefore, there is a strong rationale for conducting investigations specific to children with BA. 15, 27 However, most studies include all diagnoses. For example, all of the 4 studies that explored the predictive value of time on waitlist did so in a mixed sample that included patients with acute liver failure and patients with metabolic disorders. 6, 19, 20, 28 Another factor to consider is the variability between countries in transplant policies and outcomes. Much of the research to date has occurred in North America 7, 8, 13, 23, 27, 28 and Western Europe. 34 Arguably, waiting times are shorter in nations with higher donation rates. Reduced time on the waitlist limits exposure to the harmful effects of chronic liver disease.
Investigations in dissimilar jurisdictions such as Australia may clarify the impact of waiting times on long-term outcomes.
The current study sought to address methodological and empirical inconsistencies of previous studies by using a sample in the Australian context with poorer donation rates, considering a range of viable transplant, illness and demographic factors as predictors, and assessing the impact of including different primary diagnoses in the sample.
The aims of the current study were:
1.
To investigate the long-term intellectual and academic functioning of Australian children who have undergone LTx for chronic end-stage liver disease.
2.
To identify factors predictive of long-term cognitive outcomes of children who have undergone LTx and determine whether the predictive value of these factors would be greater in the more homogeneous group of children with BA.
It was predicted that:
1. Children post-LTx will have significantly lower intellectual abilities and academic achievement, particularly for mathematics, compared with the normative population. 
| ME THOD

| Participants
Participants were recruited through the liver transplant unit (LTU) 
| Materials
The Australian standardized editions of the Wechsler Intelligence
Scale for Children, Fourth Edition (WISC-IV) 24 Five subtests from the WIAT-II were used (Single-Word Reading, Pseudoword Decoding, Spelling, Numerical Operations, and Mathematical Reasoning). As per the WIAT-II manual, the latter 2 subtests were combined to provide a composite mathematical ability score. All tests have a mean of 100 (SD = 15). The number of years of parental education was collected for both parents and averaged to provide a measure of parental SES.
| Procedure
Testing was conducted during a single day by the primary author, 
| Analyses
Statistical analyses were conducted by using IBM SPSS version 22.
37
One-sample t-tests (2-tailed; α = .05) determined whether group means of children were significantly different from normative mean values. The presence of learning difficulties was investigated by comparing actual academic scores with predicted academic scores based on IQ as per the WIAT-II manual. 24 Due to possible differences between verbal and nonverbal intelligence, literacy skills were predicted from VCI scores and mathematical abilities were predicted from PRI scores. 24 Backward multiple linear regression was used to examine the relationship between transplant-related factors and long-term intellectual and academic outcomes, controlling for parental SES. Due to the limited sample size, the regression model was restricted to a maximum of 6 factors. A theory-driven approach was applied by selecting factors based on the research question (specifically days on waitlist) and prior research findings. Pearson and Spearman correlations were conducted to identify highly correlated variables, which were removed to avoid multicollinearity. Furthermore, the composite PELD score was used to capture serum bilirubin and serum albumin values, international normalized ratio, and gross growth measures. Disease duration was excluded as the majority of participants had congenital liver disease, making disease duration equivalent to age at transplant in >85% of cases. Although transplant type was considered an important potential predictor, it was excluded due to insufficient number of cases in each category within the current study. Length of stay in PICU after transplant (PICU LoS) was used as a proxy variable for perisurgical complications. After the factors were finalized, a stepwise data-driven backward approach was used. Factors were removed until all remaining factors were significant at α = .05 and the overall model was considered significant at α = 0.05.
| RE SULTS
The demographics of the sample are given in Table 1 . The majority of children had a diagnosis of BA (n = 27; 67.5%). Five children received a living-related donor organ, all of whom were first placed on the deceased donor waitlist. The average waiting time was substantially higher than for other studies exploring this as a predictive factor (Table 2) .
Mean FSIQ, VCI, PRI, and WMI scores were significantly lower in children with LTx than the normative mean value (Table 3) . PSI was not significantly below the normative mean. The distribution of FSIQ scores displayed a downward shift with an overrepresentation of intellectual disability compared with the general population (Table 4) .
Children showed significantly lower academic performance in mathematics compared with the normative mean (Table 3) , with 37% displaying significantly lower mathematical abilities than expected based on predictions from their nonverbal intellect (see Figure 1 ). In contrast, 37% of the sample showed significantly higher literacy skills (single-word reading) than predicted by their verbal abilities. Similarly, 34% of the sample displayed significantly better-than-predicted phonological decoding (ie, pseudoword reading) and 50% showed significantly higher-thanexpected spelling. With the exception of phonological decoding, Parental SES was the only significant predictor for the remaining outcome variables.
| Factors predicting intellectual and academic functioning for all children (n = 40)
| Factors predicting intellectual and academic functioning for children with BA (n = 27)
For children with BA (n = 27), a greater number of medical/ transplant factors were predictive of intellectual and academic outcomes than for the entire sample ( 
| D ISCUSS I ON
| Overall cognitive outcomes
As predicted, mean scores for both intellectual and mathematical skills in children with LTx were significantly below the normative mean but remained within normal limits of functioning. In contrast, there was no significant difference in literacy skills between our cohort and the standardized population. More than one-third of the sample displayed a significant deficit in mathematics, suggesting that this is a particular area of academic weakness. However, up to half of children displayed better-than-expected literacy skills. Overall, the results of the study supported the hypothesis that children with LTx are at greater risk of poorer intellectual and mathematical outcomes, consistent with previous findings. [6] [7] [8] [9] [12] [13] [14] [15] [16] [17] [18] [19] 23, 29, 38 The current study extends these findings by demonstrating these intellectual and academic vulnerabilities in a new jurisdiction for organ donation.
The difficulties in mathematical abilities identified have been consistently reported in previous studies. 8, 14, 17, 23, 26 The lack of reading difficulties in the current study is in line with the only other study conducted in Australia 26 but contradicts older studies that reported reading difficulties. 8, 17 Importantly, Sorenson et al found that while children in early primary school demonstrated significantly poorer single-word reading abilities compared with norms, 14 these children showed a significant improvement after 2 years and were no longer different than the normative population, 13 perhaps suggesting that children can "catch up" to peers after a period of schooling. However, only 2 studies have assessed higher-level reading skills such as reading comprehension, which may remain an area of vulnerability, with both finding significantly lower reading comprehension compared with norms.
17,23
The significant vulnerabilities in mathematics identified have important practical implications. Children who receive an LTx are at higher risk of developing learning difficulties in mathematics than the general population, and educational interventions need to be implemented preemptively rather than on presentation. The weakness in mathematical ability may be related to the low working memory profile, the weakest cognitive domain in this study, as research indicates that working memory is integral in mathematical development and achievement. 39 Additionally, the compounding effects of regular missed schooling may be causing further difficulties because of the logical and sequential nature of learning mathematics.
| Transplant-and medical-related factors predicting outcomes
Consistent with our prediction, transplant-related factors significantly predicted long-term cognitive outcomes. Greater Time Since
Transplant was associated with lower verbal intelligence and processing speed, older Age at Transplant predicted slower processing The results indicate that longer Time Spent on Waitlist is associated with poorer cognitive outcomes for children with BA, which is consistent with only 1 20 of the 4 previous studies investigating this factor. 6, 19, 28 This may be because our study explored this relationship in a single disease group, as opposed to mixed sample analyses.
Additionally, this study captured a broader presentation of waiting times by investigating outcomes in a country with poorer donation rates. This finding reinforces the importance of minimizing waiting times for pediatric LTx recipients and has important implications for jurisdictions with low donation rates such as Australia.
The finding that older Age at Transplant is associated with poorer outcomes is consistent with several, but not all, previous studies. 6, 19, 21 This contrasts with other findings where older Age at Transplant correlated with better language skills 7 and better attention 20 and, to a lesser degree, better infant development. 27 Two studies reporting no predictive effect of Age at Transplant assessed children under the age of 7 years, including infants, 23, 28 suggesting that the negative relationship between Age at Transplant and cognitive outcomes may emerge only in older children.
The finding that increased Time Spent on Waitlist and older Age at Transplant predict poorer cognitive outcomes is not surprising considering previous research shows longer disease duration is associated with poorer outcomes. 6, 20, 29 Time Spent on Waitlist can be viewed as disease duration at a specific severity level deemed to require transplant. Disease duration is also identical to age at transplant for children with a congenital liver disorder and highly correlated in the broader transplant group. Consequently, the strongest predictor in this group would be parental SES, as would be expected for the general population. 30, 31 Nonetheless, it is likely that parental SES simply may not have passed the significance threshold in the BA-only models due to the limited power of the analyses but remains an important factor.
| CON CLUS ION
Collectively, these results alongside previous research demonstrate the need to review and modify organ allocation policies. While the major focus in LTx has been on reducing mortality in prospective transplant recipients, poorer long-term outcomes associated with delayed transplant in children should also be considered. These patients need to be placed at higher priority to be allocated livers sooner so as to minimize the risk of poorer cognitive outcomes.
Furthermore, the broader findings to date may justify a reconsideration of the use of living-related donors, particularly in jurisdictions with limited living-related donor programs.
To the authors' knowledge, this is the largest study of longterm cognitive outcomes after LTx within Australia. In using a population with lower donation rates, it has facilitated the application of findings to a more diverse range of jurisdictions. The study was able to elicit a high participation rate among eligible transplant recipients and sought to address some of the methodological shortcomings in the field by using theory-driven analyses and reducing the risk of type I error in line with previous recommendations. 13, 16, [19] [20] [21] Despite these efforts, the analyses in the current report were underpowered and vulnerable to both type I and II errors. Our single-center design also requires cautious interpretation as it is difficult to separate site-specific factors from overall effects.
There are a number of future avenues of research within the field. To investigate the role of differing donation rates and minimize the influence of site-specific factors, multisite and multijurisdiction studies are required. Longitudinal designs 13 are crucial in mapping out the developmental trajectory of transplant recipients and exploring the presence of cohort effects. There is also a need to differentiate organ specific effects from the shared transplant experience, such as by comparing liver recipients to kidney and lung transplant recipients. 3 To date, pediatric recipients have only been compared with children with cystic fibrosis. 7, 8 Similarly, the current study supports investigating separate primary diagnoses, as disease processes affecting development may differ. Furthermore, there is a need to examine more complex neuropsychological abilities such as attention and executive functioning. 3, 13, 20, 26 Future research should incorporate neuroimaging and neurological assessments alongside cognitive assessments to clarify how chronic liver disease and transplant affect neurological development and how this subsequently affects neurocognitive functioning.
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E N D N OTE S
* Operationalized as at least 1 year posttransplant. † Operationalized as chronic liver injury resulting in significant fibrosis/ cirrhosis, liver synthetic dysfunction, cholestasis, and portal hypertension.
